ABSTRACT: Surface air temperatures modelled by ERA-40, ERA-Interim and (NCEP)/(NCAR) reanalysis (NNRP-1) have been compared with observations at 11 synoptic stations in Ireland over the period [1989][1990][1991][1992][1993][1994][1995][1996][1997][1998][1999][2000][2001]. The three reanalysis datasets show good agreement with the observed data and with each other. Slopes of the least-squares line to scatter plots of reanalysis data versus observational data show small differences between the three reanalyses, with ERA-40, ERA-Interim and NNRP-1 slopes ranging between (0.79-1.06) ± 0.01, (0.83-1.01) ± 0.01 and (0.76-0.98) ± 0.01, respectively. Summary statistics and the monthly mean temperatures over the 1989-2001 period showed that the reanalyses were significantly warmer in winter than the observations, which resulted in best fit lines with slopes consistently less than unity. ERA-Interim was slightly better than both ERA-40 and NNRP-1 at modelling winter temperatures and it had higher correlation coefficients with the observations. All three reanalyses use different grid sizes and types. Subsequent regridding of the ERA-Interim and NNRP-1 data to the ERA-40 grid showed that the grid difference had no significant influence on the results. Comparison of ERA-Interim and NNRP-1 data with the air temperatures at four marine buoys around the Irish coast for the period [2001][2002][2003][2004][2005] showed that the reanalyses modelled colder winter temperatures than the observations; resulting in best fit lines with slopes consistently greater than unity. The slopes for NNRP-1 and ERA-Interim at the marine buoys, respectively, averaged 1.09 ± 0.04 and 1.10 ± 0.05 while the slopes at the four land stations over the same period averaged 0.87 ± 0.02 and 0.89 ± 0.02, respectively. We believe that this pattern results from the difference in the treatment of land and sea surfaces in the reanalysis datasets.
Introduction
Over the past decade, reanalysis data has found widespread application in many areas of research ranging from studies of climatic trends (Poveda et al., 2006; Ciccarelli et al., 2008; Stammerjohn et al., 2008) and climate modelling (Wang et al., 2006; Fealy and Sweeney, 2007; Ciccarelli et al., 2008) to estimation of renewable energy resources (Khan and Iqbal, 2004; Henfridsson et al., 2007) . It is advantageous to use reanalysis data in certain research areas where observational data are sparse or when knowledge of the state of the atmosphere on a uniform grid is required.
Reanalysis products are generated by the assimilation of observational data over a given period of time. Data assimilation entails the incorporation of observations into a background field to produce an initial condition. Techniques for assimilating these data have advanced greatly over the past few decades and two of the most popular methods are 3D-and 4D-variational analyses (Kalnay, 2007) .
Although assimilation techniques continue to improve over time, a given reanalysis dataset uses the same assimilation method for the entire period of coverage. This avoids the possibility of variations in the reanalysis products because of the use of different assimilation systems (the possibility of variations because of any changes in the system of observations would of course remain). Reanalysis data are typically separated into three major phases corresponding to the evolution of the observing system (Kistler et al., 2001) : the 'early' period from 1940 to 1957 when the first upper air observations were established; the era of the 'modern rawinsonde network ' from 1958 to 1978 ; and the 'modern satellite' era from 1979 to present.
Some of the most well-known reanalysis datasets are National Centers for Environmental Prediction (NCEP)/ National Center for Atmospheric Research (NCAR) (NNRP-1), NCEP/DOE (NNRP-2), ERA-15, ERA-40 and ERA-Interim. The variable examined in this study is the 2 m surface air temperature. Because the observational data used by the three reanalysis datasets are largely identical, it has frequently been assumed that any one of these datasets are equally valid for subsequent 546 P. A. MOONEY et al. climate analysis or climate change prediction. However, previous studies have shown subtle differences between the NNRP-1 and ERA-40 reanalysis datasets (Escoffier and Provost, 1998; Li et al., 2004; Ruti et al., 2008) . These small differences can have a significant impact on climate studies, e.g. solar signals in the atmosphere (Gleiser et al., 2005) or drought variability (Bordi et al., 2006) . Simmons et al. (2004) compared global surface air temperature anomalies from CRUTEM2v (Climatic Research Unit Temperature version 2 variance corrected; Jones and Moberg, 2003) with ERA-40 and NNRP-1. They found that ERA-40 showed better agreement with CRUTEM2v than NNRP-1 over the time periods 1958-2001 and 1979-2001 . In addition, they reported closer agreement between ERA-40 and CRUTEM2v over the period 1979-2001 compared with the period 1958-1979 . This was attributed to the greater observational coverage after 1979 which is linked to the inclusion of satellite data.
A study on the surface air temperature trends in both NNRP-1 and station data in the continental United States was conducted by Kalnay and Cai (2003) . Their study showed that the NNRP-1 temperatures became cooler with time compared with the temperatures observed at the stations. The authors suggested that this difference was because of land use change, such as urbanisation, agriculture and irrigation.
The study reported here compares the 2 m air temperature in the ERA-40, ERA-Interim and NNRP-1 datasets with observational data over Ireland for the period 1989-2001. This variable is examined because of its importance to ecosystems, agriculture and tourism industries, and there is a substantial quantity of observational data available. The period 1989-2001 was chosen because all four datasets have data during this period.
ERA-Interim and NNRP-1 data are also compared with observational data from four marine buoys situated around the Irish coast for the period [2001] [2002] [2003] [2004] [2005] . The period of study for these is rather limited because the marine buoys were only deployed after 2001. ERA-40 reanalysis data were not included in this part of the investigation because its dataset terminates in 2002.
Surface temperature datasets
2.1. ERA-40 data ERA-40 data (Uppala et al., 2005) was produced by the European Center for Medium range Weather Forecasting (ECMWF) and it covers the period from 1958 to 2001. The assimilation method used in the ERA-40 project was 3D-variational analysis. It used a spectral grid with triangular truncation of 159 waves (corresponds approximately to 125 km) and a hybrid vertical coordinate system with 60 levels. The ECMWF global model was used for the background forecast. The ERA-40 data used in this study were obtained from the ECMWF data server on a fixed grid of 2.5°resolution (corresponds to approximately 250 km).
ERA-Interim
ERA-Interim (Simmons et al., 2006) , also produced by ECMWF, uses 4D-variational analysis on a spectral grid with triangular truncation of 255 waves (corresponds to approximately 80 km) and a hybrid vertical coordinate system with 60 levels. The ECMWF global model is used for the forward integration in the 4D-variational analysis and the temporal length of the variational window is 12 h. This reanalysis covers the period from 1989 to present day. The ERA-Interim data used in this study was obtained from the ECMWF data server on a fixed grid of 1.5°.
NCEP/NCAR Reanalysis data
NCEP/NCAR Reanalysis Products-1 (NNRP-1) data was produced by the National Centers for Environmental prediction (NCEP) in collaboration with the National Centre for Atmospheric Research (NCAR) and it covers the period from 1948 to present day. The data assimilation system uses a 3D-variational analysis scheme, with 28 sigma levels in the vertical and a triangular truncation of 62 waves which corresponds to a horizontal resolution of approximately 200 km. A forecast from the NCEP global spectral model was used as the first-guess fields for this reanalysis. The assimilation system used in NCEP/NCAR reanalysis is described in more detail in Kalnay et al. (1996) .
Station data
The station data used in this study was obtained from MetÉireann, the Irish National Meteorological Service, for 11 synoptic weather stations operated by MetÉireann for the period 1961-2005. The synoptic stations, which are geographically dispersed around Ireland, represent the conditions for a mixture of both coastal and inland locations. The synoptic network is manned by experienced meteorological officers. In order to make a comparison with reanalysis data, station data have been converted from daily averages to monthly averages, which has the effect of removing high-frequency components from the time series (McGrath and Lynch, 2008) .
Co-location techniques
Spatially, the parameter values in the reanalysis datasets represent the value of that parameter in a grid box centred on the geographic coordinates given in the dataset. This presents a difficulty when comparing the station data with the reanalysis data, because the station data represent a single site within a grid box. Additional complications are introduced by the fact that the grid sizes in ERA-40, ERA-Interim and NNRP-1 are different, the grids in the three reanalysis datasets are not coincident and the location of a station in the grid box can vary from the centre of the grid box to its edge. This is illustrated in Figure 1 Figure 2 is used to illustrate the difference in the four approaches. The simplest technique is to compare the value observed at the station with the reanalysis value for the grid box in which the station lies. In this method, the reanalysis value of grid box B in Figure 2 would be compared with the value observed at the station. This technique will be referred to as method 1.
A second approach -method 2 -was used in which the reanalysis value assigned for comparison with the station value was obtained from the weighted average of the reanalysis values of the four grid boxes whose centres lie closest to the station. The average of the four grid boxes is obtained from the inverse distance weighted average (Stahl et al., 2006) . In the case of Figure 2 , the weighted average of the grid boxes B, C, E and F was assigned for comparison with the station value.
A third approach, employed by Ruti et al. (2008) , is to consider a square region of known dimension centred on the station. Ruti et al. (2008) chose a 15 × 15 km region centred on the station and then assigned the average of the reanalysis grid boxes overlapped by the square as the reanalysis value to compare with the station data. In their case, the average was also weighted by the inverse distance method. In the present study, a region of dimension 30 × 30 km was chosen because it allows a reanalysis value different to those obtained from wither of the previous two methods to be assigned to at least two stations for both NNRP-1 (Casement, Cork, Malin Head and Valentia) and ERA-40 (Claremorris and Rosslare). In the case of Figure 2 , the reanalysis value assigned for comparison with the observed value was the weighted average of grid boxes B and E. This technique will be referred to as method 3.
Method 4 determines a value for the reanalysis from the land grid points only in the four nearest grid boxes. A grid point is classified as a land point based on the reanalysis land-sea mask. The land points are averaged using the same inverse distance weighting used in methods 2 and 3. For example, the reanalysis value for the station in Figure 2 is determined from a weighted average of grid boxes B and C only, as these are the only 'land' grid boxes of B, C, E and F.
The co-location methods were investigated by examining their effect on the linear correlation coefficient and the root mean squared error (RMSE). -(e) shows the same plots for the correlation coefficients and the RMSE for ERA-40 and ERA-Interim, respectively. The correlation coefficient of NNRP-1 data at Birr (S2) is identical for all four methods; this is also observed in both ERA-40 (Figure 3(c) ) and ERA-Interim (Figure 3(e) ). The remaining stations show some variations between the four methods, but in general over the three reanalysis datasets no one method is obviously superior. This is further borne out in the comparison of the mean of the 11 correlation coefficients for each method in NNRP-1 (0.986, 0.989, 0.988 and 0.991 for methods 1, 2, 3 and 4, respectively), ERA-40 (0.991, 0.993, 0.991 and 0.993 for methods 1, 2, 3 and 4, respectively) and 0.996, 0.994 and 0.995 for methods 1, 2, 3 and 4, respectively); in the case of NNRP-1, the mean correlation coefficients differ by less than 0.01 but this difference is not statistically significant (at the 95% confidence level) and there is even less difference in the mean correlation coefficients for ERA-40 and ERA-Interim. Analysis of the four methods using the RMSE also shows that it is difficult to determine which method is obviously superior.
Based on these results, it was decided to proceed with only one of the co-location methods. Method 1 was rejected on the basis that it was the least representative of the four methods because a number of the stations are on the edge of grid boxes. Method 2 was adopted for subsequent work in preference to methods 3 and 4 because it contained the least assumptions of the three methods. Figure 5 for the period 1989-2001 along with the slope values for ERA-Interim obtained using co-location method 1. Differences between the slopes for ERA-Interim obtained using co-location methods 1 and 2 are less than 0.05; indicating that the choice of co-location method does not have a significant influence on the results. It is clear that the three reanalysis datasets are in good agreement with observational data; eight of the stations show a slope greater than 0.85 for all three reanalyses. Figure 5 shows that the slopes of the stations are predominantly below 1.0 with the only exceptions being Malin Head (S8) in the case of ERA-40 and Rosslare (S9) in the case of ERA-Interim as the only exception. This can be understood from the scatter plot in Figure 4 (which is typical of the stations) in which all three reanalysis Also plotted in this figure are the corresponding values from NNRP-1 (red), ERA-40 (blue) and ERA-Interim (green) assigned using co-location method 2 described in the text. This figure is available in colour online at wileyonlinelibrary.com/journal/joc and colder winter temperatures at this station. The temperature bias is greater in summer which causes the best fit slope to be less than unity in agreement with the other 10 stations. ERA-Interim values at Malin Head also produce colder summer temperatures but models warmer winter temperatures producing the typical winter bias present at all stations. It is difficult to determine from the above results which of NNRP-1, ERA-40 or ERA-Interim is the superior reanalysis product. Prompted by the discrepancies between the temperatures in the reanalyses and observations for the winter months, summary statistics were examined for both winter (December, January, and February) and summer (June, July and August) seasons for the four stations in Figure 6 Figure 7) , it is clear that ERAInterim is consistently closer to the observations than either ERA-40 or NNRP-1. This pattern is reproduced in the skewness and it is shown more clearly in the kurtosis and the mean absolute deviation. Analysis of the Mean absolute error (MAE) shown in Figure 8 also shows that the reanalyses model the summer temperatures better than the winter temperatures and that ERA-Interim models the temperature better than the other two reanalyses.
Results and discussion
There are several differences in the assimilation systems of the three reanalyses any one, or any combination, of which could give rise to the above result. One obvious difference is that NNRP-1 data use a horizontal grid of approximately 200 km, whereas ERA-40 and ERA-Interim data are on grids of 250 and 150 km, respectively. It is also noted that the assimilation system of ERA-40 and ERA-Interim uses temperature observations from synoptic weather stations, whereas NNRP-1 does not. Other differences include the method in which each reanalysis produces the temperature at 2 m. NNRP-1 derives the surface air temperature at 2 m from the data produced by the assimilation system, whereas ERA-40 produces it as part of its assimilation system.
The influence of the grid type and size on the results reported above was examined by transforming the NNRP-1 data and the ERA-Interim data onto the same grid as ERA-40 using three different interpolation methods: linear, cubic and nearest neighbour. Figure 9 shows plots similar to Figure 5 with the slopes of the best fit lines to the NNRP-1 data and ERA-Interim on the larger grid for each of the three interpolation methods examined.
The largest changes occur when the nearest neighbour interpolation method is used. This is not surprising as it is the simplest of the three methods used and it does not make use of all the available information. It is interesting to note that the nearest neighbour method produces the poorest values for ERA-Interim; moving from a smaller grid size to a larger grid size results in a greater loss of data.
Both linear and cubic interpolations use more of the available data than the nearest neighbour method and are a better representation of the ERA-Interim and NNRP-1 data. Figure 9 shows that when these two interpolation methods are used to transform ERA-Interim data and NNRP-1 data onto the larger grid, there is less variability in the slopes at each station. Despite the improved consistency between the three reanalyses, the transformation of the grids does not significantly affect the overall trend of the slopes (they are consistently less than unity) and ERA-Interim is still marginally closer to unity than the other two reanalyses. Simmons et al. (2004) reported a similar finding, i.e. the transformation does not significantly affect the results when they used linear interpolation to transform reanalysis data onto the 5°× 5°resolution grid used by CRUTEMv2 data.
Comparison of NNRP-1 and ERA-Interim with marine data
The warmer winter values of the reanalyses at the land stations prompted an investigation of the ability of the reanalyses to reproduce the temperature at marine locations since the models treat marine and land surfaces differently. The time series of hourly temperature observations was obtained for four marine buoys from the Marine Institute who maintains these buoys in cooperation with MetÉireann. The locations of the marine buoys (M1, M2, M3 and M4) are shown on the map in Figure 1 . The observational data from the marine buoys and the four land stations shown in Figure 7 are compared with NNRP-1 and ERA-Interim data; ERA-40 data are not included as its dataset terminates just after the deployment of the marine buoys. The study is restricted to the period 2001-2005 because of the lack of marine data prior to 2001 and the availability of the station dataset only until 2005. It should be noted that the four marine buoys began operation on different dates, e.g. M3 began in mid-2003 and M4 in mid-2004 and as a result, some marine buoys have less data points than others. Figure 10 shows the slopes of the best fit lines and their errors for the above comparison. It is clear from this figure that the slopes of the marine buoys are consistently greater than unity while the slopes for the land stations are less than unity. The average values for the NNRP-1 and ERA-Interim marine slopes are, respectively, 1.09 and 1.10 compared with the average value of the NNRP-1 and ERA-Interim slopes for the four land stations of 0.87 and 0.89, respectively. As the length of the data series used in this analysis is rather short (5 years), it was important to investigate whether this might be the source of the difference between the marine and land data. Figure 11 is a plot of the slopes and errors of the best fit line to station data at Casement for a moving 5-year window starting in 1979 for NNRP-1 data and 1989 for ERA-Interim. It shows that, apart from increasing the uncertainty, comparing NNRP-1 and ERA-Interim data with observational data over shorter periods does not produce large variations in the slopes (a similar plot is included for ERA-40 for completeness). This indicates that the difference between the results for the marine data and the land data is unlikely due to the shorter data length. Figure 6 showed that the reanalyses produced more accurate temperature values in summer than winter by examining the mean monthly temperature for the synoptic stations over a 13-year period. Results of a similar analysis for the marine data over the period [2001] [2002] [2003] [2004] [2005] are shown in Figure 12 . Unlike the land stations, two of the four marine buoys, M1 and M3, show the same degree of warming and cooling in the observations and reanalyses for all seasons and a third marine buoy (M4) also shows this for NNRP-1 and the observations. The high quality of these reanalysis values is also evident in Figure 10 , where the two slopes closest to unity are those of the same two marine buoys. In the case of the marine buoy M2, which is located in the Irish Sea, both ERA-Interim and NNRP-1 model slightly warmer summer temperatures than those recorded at the buoy but the trend observed in the land stations of warmer NNRP-1 winters is reversed.
In summary, the investigation of the ability of ERAInterim and NNRP-1 to reproduce the air temperature at marine locations showed that the slopes of the leastsquares line to scatter plots of reanalysis data with observations at the marine buoys are consistently greater than unity whereas the land stations have slopes less than unity. We speculate that the difference in the behaviour of the slopes for marine and land locations may be due to the different treatment of land and sea surfaces (e.g. surface albedo, surface evaporation and specific heat capacity) in the reanalyses or that other atmospheric variables in the reanalysis, such as wind and precipitation, may contribute to the differences observed.
Conclusions
The ability of ERA-40, ERA-Interim and NNRP-1 to reproduce observed surface air temperatures at 11 synoptic weather stations in Ireland over the period [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] has been investigated. All three reanalysis datasets show a best fit line to the observational data with slopes greater than 0.85 for 8 of the 11 stations. It was not clear which reanalysis was optimum based on the slope of the best fit line but it was clear that the slopes were generally less than unity. The mean monthly temperatures over the 1989-2001 period showed that all three reanalysis modelled summer temperatures accurately but tended to model significantly warmer winters than were observed. Summary statistics for the winter months showed that while all three reanalyses had difficulty reproducing the winter observations, ERA-Interim was marginally better than ERA-40 and NNRP-1. A comparison of ERA-Interim and NNRP-1 reanalysis data with marine data for the period [2001] [2002] [2003] [2004] [2005] showed that the best fit lines tended to have slopes greater than unity and there was a cold winter bias in the reanalyses at each marine buoy particularly for M2 which also showed a warm summer bias; this contrasts to the situation for the land stations which tended to have slopes less than unity for the same period and a warm winter bias.
Based on the above analysis, it was found that ERAInterim reproduced the statistics of the observed climate more favourably than either ERA-40 or NNRP-1. Furthermore, it has been shown that the three reanalyses overestimate the surface temperatures in the winter season indicating a warm winter bias in the reanalyses. Studies using reanalysis data over the Irish terrestrial domain should account for this bias. It appears that the winter bias is not present at the marine buoys and while the limited extent of the data series (2001) (2002) (2003) (2004) (2005) makes this a tentative finding, a possible explanation for the result may be found in the difference between the treatment of land and sea surfaces in the reanalysis datasets. This result will be further investigated in future work through the comparison of the reanalyses with satellite data, which will provide greater spatial coverage over land and sea. grateful to an anonymous reviewer for many useful comments and suggestions.
